A technique was developed to automate subjective measurement of the resting states of the eyes. This technique, the Modified Binary Search (MOBS), evolved from the binary search and a commonly used manual bracketing technique. The procedure is mathematically and logically simple, and it requires minimal storage and computation capabilities. Monte Carlo simulations indicate that the MOBS procedure provides more precise measures with fewer stimulus presentations than conventional staircases. It is also relatively insensitive to response errors.
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A technique was developed to automate subjective measurement of the resting states of the eyes. This technique, the Modified Binary Search (MOBS), evolved from the binary search and a commonly used manual bracketing technique. The procedure is mathematically and logically simple, and it requires minimal storage and computation capabilities. Monte Carlo simulations indicate that the MOBS procedure provides more precise measures with fewer stimulus presentations than conventional staircases. It is also relatively insensitive to response errors.
Although traditional accounts of accommodation and vergence maintain that both systems relax at optical infinity, current evidence indicates that, when no stimulus is present to activate them, both of these oculomotor systems adjust to an intermediate distance (Owens, 1984) . This intermediate bias has numerous perceptual and sensorimotor implications, raising the need for efficient and accurate measurement techniques.
Although objectivetechniquesexist to measure accommodation and vergence, they typically involve infrared recording, which requires sensitivealignmentand calibration and is not practical for rapid screening of unpracticed subjects. For this reason, most investigationsof the resting states of the eyes have used subjective measurement devices, such as the laser optometer (Hennessy & Leibowitz, 1972) . These devices utilize test targets that have a qualitatively different appearance when presented either nearer or farther than the target value. For example, the laser optometer presents an optical interference pattern containing speckles that may appear to move upward when positioned farther than the subject's accommodative state and downwardwhen positioned nearer than the subject's accommodative state; the target value corresponds to the transition point between upward and downward motion. A manual bracketing technique, similar to clinical methods of visual assessment, has been generally accepted as an efficient method to measure the resting state. In this procedure, the test stimulus is first presented at extreme positions that "bracket" the target value. Over successive presentations, the bracket interval is gradually reduced, thus converging on the final measurement. Results obtained from this bracketing procedure are in close agreement with those obtained by more conventional psychophysical procedures (Miller, Pigion, Wesner, & Patterson, 1983) . The bracketing procedure is also used to measure accommodation and vergence responses to adequate stimuli (e.g., Francis & Owens, 1983; Johnson, 1976) .
Despiteits advantages, the manual bracketingtechnique has several potentially serious drawbacks that warrant development of an automated test procedure. Because the manual technique provides no specific test sequence or termination criterion, the experimenter must rely on vague, intuitive criteria to perform the test. This introduces the possibility of unintentional measurement biases, as well as difficulties in control of interstimulus interval (lSI) and replication of test sequences. An automated test procedure may solve these problems without sacrificing the unique flexibility of the manual bracketing technique.
The binary search is an efficient means of searching an ordered array, which, in a manner similar to the bracketing strategy, utilizesinformation gainedwith each stimulus presentation to determine the next step of the search. Unlike the bracketing technique, the binary search presents a formal structure on which an automatedtest procedure can be based. In principle, the binary search requires only log2n stimulus presentations to identify a target, where n is the number of elements in the array being searched (Lehman, 1977) . Thus, only eight presentations should be required to locate a stable target in an array of256 elements. The search begins by sampling the midpoint of the range of possible values. Depending on the outcome, a "boundary" is established, which, in effect, eliminates half of the array. The midpoint of the remaining range is samplednext, and the process is repeateduntil the target is located.
Although the binary search is optimallyefficientat finding stabletargets, it is not suitablefor variabletargets such as the resting states of the eyes (Johnson, Post, & Tsuetaki, 1984) . With the standard binary search, a spurious outcome would result whenever the target drifts outside a previously defined boundary. To be effective, the binary search algorithm must be modified to maintain the integrity of the operating boundaries.
We now report a Modified Binary Search, designated as MOBS, that was designed to combine the efficiency of the binary search with the capability of the bracketing procedure to capture fluctuating targets. This new search technique incorporates the following rules:
1. The sampling range is defined by two boundaries. Each boundary is comprised of a three-element stack, with the top element of each stack representing the current boundary value and the lower elements representing previous boundaries. Initially, all elements of one stack are set to represent one extreme of the range of the measuring system, while the elements of the other stack are set to correspond to the opposite endpoint. One of the two stacks is updated with each presentation.
2. Unless otherwise stated, the stimulus position tested on the next presentation is the value midway between the top elements of the two stacks. Thus, the first presentation will always be in the middle of the measuring system's range.
3. With each response, one of the boundaries is updated. For example, ifthe response is "nearer," the current stimulus position is placed on top of the stack as the new "far" boundary, and the previous far boundaries are "pushed" down to occupy the second and third positions of the stack. This process of updating the stacks cuts the active test range in half following each response, and information about previous boundaries is saved. This information becomes useful when the target drifts beyond the current boundary.
4. When two consecutive responses are identical, an alternate test is implemented to confirm the validity of the opposite boundary. For example, following two consecutive "nearer" responses, the next presentation tests the position corresponding to the top of the near boundary stack. By testing the opposite boundary, this step confirms that the target remains within the active test range. Otherwise, the opposite boundary is invalid and must be reset as described below.
5. If the target has drifted beyond a boundary (and thus outside the current test range), the invalid boundary is reset to its previous value. This is accomplished by removing the top value from the stack and moving the other values up one step. The bottom element is set to the appropriate endpoint of the measuring system. This event is termed regression.
6. This process continues until two preselected termination criteria are met. The first criterion is that a specified number of reversals have occurred. (A reversal occurs when consecutive opposite responses are collected.) The second criterion is that the last step must be smaller than 5 % ofthe total measuring range of the system. Although this second criterion is arbitrary, it successfully controls for cases in which the final reversal reflects a large drift oftarget position. If the previous step was larger than 5% of the range, the number of reversals is reduced by two and the procedure continues. Upon meeting both termination criteria, the midpoint of the remaining sampling range is taken as the final outcome.
Initial implementations of the MOBS technique were applied to measure the resting states of accommodation and vergence and produced data that agree well with measurements taken by the standard bracketing method. This outcome suggested that MOBS may also provide an efficient means to assess any psychophysical threshold that is based on binary subjective responses (e.g., yeslno, higherllower). For any application, it is important to know how the efficiency and precision of MOBS compares with those of more conventional methods. To evaluate these characteristics, Monte Carlo simulations were conducted comparing MOBS with outcomes derived from staircase procedures.
SIMULATION 1 Method
Monte Carlo simulations were performed on a Franklin Ace 1200 microcomputer (Apple ll+ compatible) using Applesoft BASIC. Each execution of a simulation consisted of a search (among 316 possible target positions) for a target that fluctuated normally about a randomly generated mean value. Three levels of variability of target position were used: standard deviations of 0.1, 0.5, and 1.0 units. Each response was determined by comparing the current target with the current stimulus level generated by the MOBS or staircase procedure. Four termination criteria were used: 3, 5, 7, and 9 reversals. Efficiency was operationally defined as the number of trials required to complete each execution. Similarly, precision was defined as the magnitude of the 95 % confidence interval for the error of estimating the target's mean value. Relatively small confidence intervals indicate precise estimates. The confidence intervals and mean number of trials per execution were calculated from 50 executions for each condition. In total, each simulation procedure was executed 600 times.
The two-down one-up staircase described by Wetherill and Levitt (1965) was simulated. In short, this procedure differs from a simple staircase in that two consecutive positive responses are required to reduce the stimulus level and only one negative response is required to increase it. The threshold determined by this procedure corresponds to the stimulus level that can be detected 65 %of the time (Wales & Blake, 1970) . The simulation alternated start-ing points between the endsof the stimulus rangeand began with a step size of 10, which was reduced to a step size of 1 after the first reversal. Results and Discussion Table 1 presents the efficiency and precision data for the two procedures, averaged across the three levels of target variability, for each of the termination criteria. Whenresultsare averaged acrossboth termination criterion and targetvariability, the MOBS procedure required fewer thanone-third the number of trialsto terminate than did the staircase. This superiorefficiency is particularly impressive whenoneconsiders that the MOBS procedure was also consistently more precise.
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As expected, increasing the number of reversals required to terminate led to greater numbers of total trials in each procedure. Although increasing the number of reversals did increase the precision of the MOBS procedure, this effect was not seen with the staircase. Figure 1 depicts the meannumberof presentations requiredto terminate for eachprocedure. Dataare depicted as a function of targetvariability and are averaged across the fourtermination criteria. The mean number of presentations increased slightly with increasing target variability, indicating that the procedures require slightly more presentations when searching for highly variable targets than when searching for relatively stable ones. Figure 2 depicts the magnitude of the confidence interval of the estimate, averaged across the four terminationcriteria, as a function of targetvariability. The MOBS procedure was moreprecise(i.e., smallerconfidence intervals) thanthe staircase whensearching for variable targets. Although both procedures were moreprecisewhen searching for relatively stable targets than for relatively variable targets, the slope of the MOBS function is less than that of the staircase. This indicates that the precision of the MOBS procedure is not as strongly affected by target variability. SIMULATION 2 Table 1 Efficiency and Precision of MOBS and Staircase
Method
In determining the 65% threshold, the two-down oneup staircase does not reflect the most efficient staircase possible. In view of the results from Simulation 1, we decided to compare the MOBS procedure witha moreefTotal Trials ficient staircase procedure. Thus, a simplestaircase with variable step size was simulated. In this procedure, the stimulus levelis reducedwitheach positive response and increased witheach negative response. The threshold determined by this procedure corresponds to the stimulus level that can be detected 50% of the time. The step size (initially 20)washalved witheachresponse reversal. With the exception of the above changes, the procedure was identical to the previously described staircase. The MOBS simulation was unchanged.
Following Johnson's (1985) investigation of various staircase configurations as applied to automated perimetry, the effectsof response errors were alsoinvestigated. A response error occurs when a subject unintentionally gives a response inconsistent with his/her perception of the stimulus (e.g., by accidentally pushing the wrong response button). Response errors have been shown to reduce drastically the effectiveness of staircases, which led Johnson to conclude that "there appears to be no ing. The mean confidenceinterval magnitude for the staircase increased by 372 %, whereas the MOBS procedure was not affected as severely, with a 48 %increase in confidence interval size. Again, the staircase is more susceptible to the response errors than the MOBS procedure. An explanation for this finding is again based on the fact that response errors typically cause spurious reversals to occur. These reversals are not related to the true position of the target value, since the response errors occur at random. Because the staircase procedure uses the mean of all the positions at which reversals occur to determine the final value, the [mal value will be biased toward the positions where the response errors occurred. The MOBS procedure, on the other hand, does not rely on the reversal positions to calculate the final value, and thus is less susceptible to the response errors. means for a staircase procedure to recover gracefully from multiple response errors." Thus, four additional groups of simulations were conducted. In each of the simulations, which included response errors, a 10% error rate was simulated, with the erroneous responses being positioned randomly. Figure 3 compares the mean number of trials required to terminate the procedures, averaged across the four termination criteria, as a function of target variability. Both with and without response errors, the MOBS procedure required fewer trials than the staircase procedure. In addition, the effect of the response errors was greater on the staircase than on the MOBS procedure. The mean number of trials required to terminate the staircase procedure increased by 3.1 trials (15%) when response errors were added to the simulation, whereas the MOBS procedure required an average increase of only 0.9 trials (7%).
Results and Discussion
One explanation for the selective effect of response errors on the staircase is based on the fact that a response error typically causes a spurious reversal to occur, which, in this staircase, causes the step size to be halved. With a smaller step size, additionaltrials are needed to approach the target position. The MOBS procedure, on the other hand, recovers from response errors relatively quickly. This is accomplished by rechecking the validity of the appropriate boundary (Rule 4) and, if necessary, regressing (Rule 5). Figure 4 compares the magnitude of the 95 % confidence interval for the estimate of each procedure, averaged across the four termination criteria, as a function of target variability. Without response errors, the MOBS procedure was more precise than the staircase when searching for variable targets. This confirms the results of Simulation 1. When response errors are added to the simulations, however, the difference becomes more strik- The Modified Binary Search procedure, developed originally to measure the resting states of the eyes, appears to be valuable for a wide range of psychophysical applications. Monte Carlo evaluations suggest that this technique provides more precise and efficient estimates of threshold phenomena than do staircase procedures. Moreover, unlike staircase procedures, the MOBS technique is relatively insensitive to response errors. Additional advantages of the MOBS procedure include its mathematical and logical simplicity. The procedure does not require extensive memory or computations, and it is relatively easy to implement on a microcomputer.
